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Abstract: Despite its long history of technological development, much charcoal production still 
relies on polluting and ineffi cient technologies utilizing traditional kiln designs. In addition to the 
need for improved charcoal production systems, the growing interest globally in pyrolysis of bio-
mass to generate biochar as a soil fertility improver and for climate change mitigation may drive an 
increasing demand for such technologies.  Accordingly, there is a clear need in developing coun-
tries for access to safe, affordable, and effi cient open-source designs and technology that can be 
fabricated locally. The design described here includes computational fl uid dynamics modeling 
which demonstrated that the design exhibits a stable fl ow and combustion pattern. A hazard and 
operability (HAZOP) study, mass and energy modeling, and costing of all components and 
fabrication were also conducted for a prototype kiln that will accept up to 250 kg biomass h-1. 
Fabrication and installation costs were estimated using actual commercial quotations based on 
detailed engineering drawings and design, and were found to be $580 000 for a 250 kg h-1 unit. We 
therefore fi nd that this pyrolysis system promises to be economical on a small scale. It can utilize 
waste lignocellulosic materials for feedstock, thus alleviating demand pressure on woodlands to 
provide feedstocks. It was, therefore, concluded that the pyrolysis unit described here promises to 
provide an affordable and effi cient open-source design that can be fabricated locally in developing 
countries without licensing restrictions or royalties. © 2017 The Authors Biofuels, Bioproducts and 
Biorefi ning published by Society of Industrial Chemistry and John Wiley & Sons Ltd
Supporting information may be found in the online version of this article.
Keywords:  pyrolysis; charcoal; biochar; open-source technology
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Comprehensive engineering drawings, and design and fab-
rication details are available in the online supplementary 
information.
Design criteria and objectives
Th e pyrolysis retort was designed to process biomass with a 
moisture content up to 30% at temperatures ranging from 
450°C up to 600°C (with operation at the higher tempera-
ture limited to a maximum of 1 h).  Th e reactor comprises 
three main sections for: (i) drying, (ii) torrefaction and 
pyrolysis, and (iii) combustion of the PGVs. Incoming 
biomass is pre-heated by exhaust gases from the reactor as 
it is delivered by conveyor into a feed hopper, whence it is 
fed into the reactor by a screw auger. Th e feed system was 
designed to accommodate woodchips with a maximum 
dimension of 10 mm. If this design is to be adapted to other 
feedstocks, then a corresponding alteration to the feed sys-
tem may be required, because use of an incompatible feed-
stock is a common cause of operating problems and failure 
of the feed system. Hot exhaust from the combustion cham-
ber fl ows through the annulus of the double-walled auger 
screw, both to provide further initial drying and pre-heating 
of the biomass, and to prevent ingress of air into the reac-
tor by creating a slight negative pressure which draws any 
entrained air together with the fl ue gases and steam from 
the drying out through the fl ue. Most of the drying then 
occurs within the fi rst section of the reactor, where moisture 
is driven upward, exiting through the hood outlet (Fig. 1).
Drying heat is provided by recirculation of the fl ue gas 
from the combustion chamber. Th e fl ue gas recirculation 
fl ow rates through the kiln and the incoming feed screw 
auger are regulated by adjustable baffl  es in response to the 
biomass temperature leaving the drying chamber. 
Th e incoming biomass enters the pyrolysis section of the 
main trough through an air-tight rotary valve. Biomass is 
Introduction
P
yrolysis of biomass to create charcoal is one of the 
oldest known technologies.1 Despite its long history, 
biomass pyrolysis technology remains under active 
development today. Globally, much charcoal production still 
relies on highly polluting and ineffi  cient technologies utiliz-
ing traditional kiln designs.2–4 Th ere has, therefore, been 
much interest recently around the need to increase adoption 
of improved (safe, aff ordable, and effi  cient) pyrolysis kilns. 
Pyrolysis of biomass yields both a carbon-rich solid 
product (known as charcoal when intended and appropri-
ate as a fuel, or biochar when used as a soil amendment). It 
yields volatile and gaseous products that can be combusted 
directly as fuel, or upgraded to higher value biofuels. 
Th ermodynamics indicates that, provided the biomass 
water content is not too high, the enthalpy in the pyrolysis 
gases and volatiles (PGVs) exceeds that required to dry, 
heat, and pyrolyze the feedstock.5–7 
In addition to the need for thermally integrated effi  cient 
pyrolysis equipment that, ideally, is a net producer rather 
than consumer of biofuels, there is also a clear need in 
developing countries for access to safe, aff ordable, and 
effi  cient open-source designs and technology that can be 
fabricated locally without licensing restrictions or royalties.3 
Th is paper describes such a design, including computational 
fl uid dynamics (CFD) modeling, a hazard and operability 
(HAZOP) study, mass and energy modeling, and costing of 
all components and fabrication for a prototype kiln that will 
accept up to 250 kg h–1. As demonstrated in the fabrication 
costings, this pyrolysis system promises to be economical on 
a small scale. It can utilize waste lignocellulosic materials for 
feedstock, thus alleviating demand pressure on woodlands 
to provide feedstocks. In addition, any excess combustion 
enthalpy in the PGVs from suitable feedstocks can provide 
heat or be used to generate electricity or liquid fuels.6,8 
Figure 1. Simplifi ed schematic of reactor design.
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around the trough walls (Supporting Information Fig. S2). 
Th rough a set of bleed vents in the trough some of the 
hot gases enter the drying chamber. Th is bleed enhances 
the moisture removal, and drives recirculation of PGVs 
through the reactor.
Comparison to other pyrolysis 
reactor designs
Charcoal and biochar can be produced using a range of 
diff erent technologies at the household, medium, or large 
industrial scale. Given that charcoal-making is an ancient 
industry, a large number of reactor designs have evolved 
over time. Some of the main technologies are described 
herein, with more detailed descriptions of the diff erent 
designs and technologies available in references.9–13
Th e most primitive forms of pyrolysis reactor are the pit 
kiln and the mound kiln, in which air is partially excluded 
from a smoldering pile of wood by covering it with earth. 
Th ese kilns are labor intensive, with constant attention 
required to open and shut air access to maintain just suffi  -
cient combustion to heat the process, without burning too 
much of the charcoal. Traditional earth kilns remain in 
widespread use today, despite having high labor costs, low 
yields, variable and heterogeneous charcoal quality, and 
producing large amounts of pollutants (methane, volatile 
organic compounds, and soot), which are not fully com-
busted before venting.2 Batch kilns that operate accord-
ing to similar principles, but are constructed of brick or 
metal off er some improvement in yields and emissions, but 
still have low  performance in these regards compared to 
modern industrial pyrolysis reactors. Because of the ongo-
ing widespread use charcoal kilns, which are ineffi  cient, 
polluting, and unable to utilize more sustainable biomass 
resources such as crop residues, improving the sustainabil-
ity of charcoal production has been recommended as a key 
priority and the most eff ective and immediately realizable 
means to enhance the sustainability of household cooki ng 
fuel in developing countries.14–17 
An improvement in emissions from batch kilns can be 
achieved by ensuring complete combustion of PGVs prior 
to venting. If the heat from combustion of PGVs is also 
used to increase thermal effi  ciency by providing process 
heat to the pyrolysis zone, then such reactors are oft en 
referred to as retorts, rather than kilns. Examples of pyrol-
ysis retorts that designed to be appropriate for developing 
countries include the Adam retort (constructed from bricks 
or clay blocks) and drum reactors (oft en based around 
discarded 55-gallon oil drums) in which material to be car-
bonized is placed within the drum, and a fi re is maintained 
impelled through the trough at the bottom of the pyrolysis 
reactor by the screw auger. Process heat is delivered to the 
biomass by conductive heat transfer through the trough 
walls from the combustion chamber located beneath the 
pyrolysis and drying chambers. A small amount of recir-
culated fl ue gas also enters at the beginning of the pyroly-
sis section to ensure that the gas space above the pyrolyz-
ing biomass is maintained at 450—500°C, to prevent tar 
condensation. Changing the fl ow of recirculated fl ue gas 
in this pyrolysis section also controls the fi nal temperature 
at which the biochar is generated. More recirculated gas 
results in high chamber temperatures and higher tempera-
tures the biochar is exposed to. Th ree spray nozzles are 
provided in the pyrolysis chamber for steam production 
and to lower the oxygen concentration from entrained air. 
Th e biochar terminates at a rotary self-sealing valve, 
which discharges by direct drop into a 55-gallon (200 L) 
drum. Th e biochar can be activated with steam provided 
by demisting nozzles at the biochar outlet.
Th e PGVs produced in the pyrolysis chamber pass 
through an external duct to a gas/air mixer. Th is mixer 
acts as an input to a thermal oxidizer. If required, some of 
the producer gas can also be directed to another external 
process (such as biofuel production) before mixing with 
air, via a valve-controlled manifold. Th e mixer consists 
of three sections: (i) an outer chamber where air is intro-
duced and passes through six swirl vanes, (ii) an air ejec-
tor, and (iii) dual pilot burners in the middle of the ther-
mal oxidizer chamber. Th e two pilot burners are fueled 
by liquefi ed petroleum gas (LPG). Th e use of two LPG 
burners provides improved control of the heating zones, 
while allowing one burner to be turned off  to conserve 
fuel. One burner must always remain on, at low power, as 
a pilot light to reignite any fl ame outs. Th e temperature in 
the combustion chamber can be regulated by the amount 
of air injected into the burner, and by varying the two LPG 
burners. It was initially proposed to preheat combustion 
air by passing it through a pipe within the combustion 
chamber. However, air preheating was eliminated during 
the design process because thermal cycling of the hot pipe 
would cause premature failure, and because commercial 
burners are designed to accept air at no higher than 150°C, 
above which temperature thermal NOx emissions become 
excessive and gas velocities can exceed fl ame speed caus-
ing unstable burner operation. Th e bulk of combustion 
products exit via two outlets at the far end of the combus-
tion chamber from the burner. Th e fl ue gases are then used 
for preheating of biomass and combustion air. Adjustable 
bleed fl aps at the downstream end of the combustion 
chamber divert a portion of the hot combustion gases 
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heated reactors use a screw-drive located within a cylin-
der. However, in such designs most heat transfer into the 
feedstock occurs only on the lower parts of the tube where 
the feedstock is in contact (due to gravity).  Th e current 
design, therefore, places the screw drive within a simple 
sheet metal trough that is heated only from below, thus 
reducing fabrication and material costs without compro-
mising effi  ciency. Th e use of a sheet metal trough design 
also facilitates the introduction into the design described 
here of controllable bleed fl aps and recirculation vents that 
provide greater control over process conditions than can 
be achieved in most comparable technologies.
More advanced continuous retorts, which are better suited to 
larger scale industrial applications include the Lambiotte retort, 
the Lurgi reactor, and continuous multiple hearth reactors.13 
Ultimately, the best choice of reactor type will vary depending 
on the intended scale, location, feedstock, and socio-economic 
environment. However, the continuing widespread use of inef-
fi cient and polluting traditional kilns, together with the active 
development of improved low-cost solutions that is under way 
indicate that there is a clear need for an intermediate technol-
ogy that provides the advantages of higher effi  ciency, higher 
yield, and lower operating costs off ered by advanced industrial 
continuous retorts, while also being suited to low cost and 
small scale rural operations in developing countries. 
Hazard and operability study
A hazard and operability study (HAZOPS) is a struc-
tured and systematic examination of a process to identify 
and evaluate risks to personnel or equipment. As part 
of the design process, a HAZOPS was conducted by an 
independent engineering fi rm (O’Brien & Gere) utilizing 
a commercial soft ware package for conducting Process 
Hazard Analysis (PHAWorks from PrimaTech), with the 
results of the study being used to modify the design and 
the recommended standard operating procedures (SOP).
No hazards were found to have a risk rating lower (more 
severe) than three. Th e nine hazards with a risk rating of 
three are shown in Table 1, together with the recommended 
modifi cations to the design and SOP to mitigate these risks. 
Computational fl uid dynamics
Computational fl uid dynamics (CFD) modelling was con-
ducted using ANSYS Fluent soft ware to assess the ther-
mal-fl uid and combustion performance of the reactor. Th e 
reactor was represented as a high-resolution grid (approxi-
mately 300 000 polyhedral cells) to resolve the smallest 
geometrical dimensions and regions of sharp curvatures 
beneath it to provide process heat. In some, but not all 
drum reactor designs, the PGVs are channeled into the fi re 
zone beneath the drum where they combust and contribute 
towards the process heat. Th ere has also been some recent 
interest in ‘fl ame carbonizers’ as a simple, low-cost means 
to produce charcoal, in which wood is simply stacked in 
an open topped vessel which burns from the top, thus 
maintaining a low oxygen, heated pyrolysis zone below the 
fl ame.18 However, fl ame carbonizers are labor intensive, 
and have a low thermal effi  ciency as much of the heat rises 
from the fl ames to be lost to the atmosphere.
Th e batch process designs described above all suff er from 
poor heat transfer, i) through the mass of material in the 
batch (particularly in externally heated processes), and 
ii) into the biomass particles themselves, which can be a 
rate limiting process, particularly when large pieces of 
wood are carbonized to create lump charcoal. Th e lengthy 
reaction time required for production of lump charcoal 
in batch kilns and retorts contributes to low effi  ciency, 
because considerable heat is lost to the environment over 
the course of the carbonization process, which can take 
many hours or even several days. 
A large improvement in reaction times (down to less than 
an hour), and thus also thermal effi  ciency, can be achieved 
if the biomass is fi nely divided to improve heat transfer into 
the interior of the biomass particles. Th e resultant particulate 
char is well suited to use as biochar, but may require further 
briquetting if it is to provide a drop-in replacement for lump 
charcoal. Heat transfer into the bulk material can be improved 
either by using an internal heat carrier that intimately mixes 
with the feedstock, or by continuous mixing of the feedstock 
to ensure that it all comes into close thermal contact with an 
external heating surface. Many production-based continuous 
pyrolysis reactors are rotary kiln types that use indirect heat-
ing as the means of heat transfer. Internal heat carriers include 
heated recirculating pyrolysis gases in a fl uidized bed (a sys-
tem most oft en proposed for fast pyrolysis for bio-oil produc-
tion), a heated particulate solid such as sand (as, for example, 
in the Lurgi reactor), or even a liquid such as molten salts.19 
Designs that use an internal heat carrier are typically better 
suited to industrial applications in a more developed setting, 
due to the greater complexity, higher capital cost, and greater 
electricity demand for external prime movers.
Externally heated stirred reactors are well suited to also 
being continuous rather than batch processes, because 
a single prime mover (oft en a screw drive) can perform 
the dual functions of moving material through the reac-
tor while also mixing it to ensure uniform heating of 
all the biomass. Th is is the class of reactor of the design 
described here. Many examples of continuous externally 
949
In the Field: An open source biomass pyrolysis reactor D Woolf et al
© 2017 The Authors. Biofuels, Bioproducts, Biorefining published by Society of Chemical Industry and John Wiley & Sons, Ltd. 
|  Biofuels, Bioprod. Bioref. 11:945–954 (2017); DOI: 10.1002/bbb
Ta
b
le
 1
. R
es
ul
ts
 o
f h
az
ar
d
 a
nd
 o
p
er
ab
ili
ty
 s
tu
d
y,
 s
ho
w
in
g
 t
he
 m
o
st
 s
ev
er
 r
is
ks
 id
en
ti
fie
d
. A
 c
o
m
p
le
te
 t
ab
le
 s
ho
w
in
g
 a
ll 
ha
za
rd
s 
is
 
g
iv
en
 in
 t
he
 S
up
p
o
rt
in
g
 In
fo
rm
at
io
n.
 S
 =
 S
ev
er
it
y 
(1
–5
), 
L 
=
 L
ik
el
ih
o
o
d
 (1
–5
), 
R
 =
 R
is
k 
(1
–1
0)
, w
he
re
 1
 is
 h
ig
h;
 S
O
P
 =
 s
ta
nd
ar
d
 o
p
er
at
in
g
 
p
ro
ce
d
ur
e;
 V
FD
 =
 v
ar
ia
b
le
 fr
eq
ue
nc
y 
d
ri
ve
; F
C
V
 =
 fl
o
w
 c
o
nt
ro
l v
al
ve
; L
S
L 
=
 lo
w
 le
ve
l s
en
so
r;
 M
O
C
 =
 m
at
er
ia
l o
f c
o
ns
tr
uc
ti
o
n;
 B
R
T
 =
 
co
o
lin
g
 w
at
er
 b
re
ak
 t
an
k.
G
en
er
at
or
 S
et
W
H
AT
 IF
...
H
A
Z
A
R
D
C
O
N
S
E
Q
U
E
N
C
E
S
S
A
FE
G
U
A
R
D
S
S
L
R
R
E
C
O
M
M
E
N
D
AT
IO
N
S
Th
e 
G
en
S
et
 r
un
s 
ou
t 
of
 fu
el
 a
nd
 a
ll 
p
ow
er
 
to
 t
he
 s
ys
te
m
 is
 O
FF
H
ot
 c
om
b
us
tio
n 
ga
se
s 
p
re
se
nt
 in
 
th
e 
co
m
b
us
tio
n 
ch
am
b
er
P
ot
en
tia
l fi
 re
 in
 fe
ed
st
oc
k 
co
nv
ey
or
 w
hi
ch
 p
os
es
 a
  r
is
k 
to
 p
er
so
nn
el
 a
nd
 e
q
ui
p
m
en
t
M
ak
e 
m
ot
or
iz
ed
 F
C
V
 o
n 
co
m
b
us
tio
n 
ch
am
b
er
 A
N
D
 g
en
se
t,
 fa
il-
cl
os
ed
 t
o 
fo
rc
e 
ho
t 
ga
se
s 
th
ro
ug
h 
st
ac
k
1
3
3
O
p
er
at
or
 t
o 
ch
ec
k 
fu
el
 p
er
 S
O
P.
P
ot
en
tia
l f
or
 fi 
re
/e
xp
lo
si
on
 in
 t
he
 
p
yr
ol
ys
is
 s
cr
ew
 c
on
ve
yo
r 
d
ue
 
to
 s
to
p
p
in
g 
th
e 
sc
re
w
 w
ith
 h
ot
 
m
at
er
ia
ls
 p
re
se
nt
.
P
er
so
nn
el
 o
r 
eq
ui
p
m
en
t 
d
am
ag
e.
Fa
il-
op
en
 w
at
er
 s
p
ra
ys
 o
ve
r 
le
ng
th
 
of
 p
yr
ol
ys
is
 s
cr
ew
 t
ro
ug
h.
  I
n 
ad
d
i-
tio
n,
 t
he
 t
w
o 
co
m
b
us
tio
n 
ga
s 
d
iv
er
te
r 
va
lv
es
 s
ha
ll 
b
e 
fa
il-
cl
os
ed
 s
o 
no
 a
d
d
i-
tio
na
l c
om
b
us
tio
n 
ch
am
b
er
 g
as
es
 
en
te
r 
th
e 
p
yr
ol
ys
is
 s
cr
ew
 h
ou
si
ng
.
1
3
3
S
ol
id
 F
ee
d
 S
ys
te
m
W
H
AT
 IF
...
H
A
Z
A
R
D
C
O
N
S
E
Q
U
E
N
C
E
S
S
A
FE
G
U
A
R
D
S
S
L
R
R
E
C
O
M
M
E
N
D
AT
IO
N
S
Ja
m
 in
 s
cr
ew
 
op
er
at
io
n
Fi
re
M
at
er
ia
l i
n 
sc
re
w
 w
ill
 c
on
-
tin
ue
 t
o 
b
e 
he
at
in
g 
b
y 
sy
s-
te
m
 o
ff-
ga
s.
  P
ot
en
tia
l f
or
 
ig
ni
tio
n 
of
 b
io
-m
as
s.
S
cr
ee
n 
on
 fe
ed
 h
op
p
er
 in
le
t.
  T
ra
m
p
 
m
et
al
 s
ep
ar
at
or
. H
ig
h 
am
p
er
ag
e 
al
ar
m
. A
d
d
 a
ux
ili
ar
y 
co
nt
ac
t 
fo
r 
sc
re
w
 
V
FD
 a
s 
a 
sy
st
em
 in
te
rlo
ck
 a
nd
 c
lo
se
 
co
m
b
us
tio
n 
ch
am
b
er
 F
C
V
 t
o 
re
st
ric
t 
ho
t 
ga
s 
fl o
w
 t
o 
sc
re
w
.
1
3
3
S
O
P
 t
o 
ad
d
re
ss
 a
 c
on
tr
ol
le
d
 s
hu
t-
d
ow
n 
un
d
er
 t
hi
s 
ev
en
t.
D
is
ch
ar
ge
 r
ot
ar
y 
va
lv
e 
ja
m
s
Fi
re
M
at
er
ia
l i
n 
sc
re
w
 w
ill
 c
on
-
tin
ue
 t
o 
b
e 
 h
ea
te
d
 b
y 
sy
s-
te
m
 o
ff-
ga
s.
  P
ot
en
tia
l f
or
 
ig
ni
tio
n 
of
 b
io
m
as
s.
A
d
d
 a
ux
ili
ar
y 
co
nt
ac
t 
fo
r 
ro
ta
ry
 v
al
ve
 
V
FD
 a
s 
a 
sy
st
em
 in
te
rlo
ck
 a
nd
 c
lo
se
 
co
m
b
us
tio
n 
ch
am
b
er
 F
C
V
 t
o 
re
st
ric
t 
ho
t 
ga
s 
fl o
w
 t
o 
sc
re
w
.
1  
  
1
3 
   
3
3 
   
3
S
O
P
 t
o 
ad
d
re
ss
 a
 c
on
tr
ol
le
d
 s
hu
t-
d
ow
n 
un
d
er
  t
hi
s 
ev
en
t.
B
ac
kfl
 o
w
 t
hr
ou
gh
 
fe
ed
 h
op
p
er
E
xp
os
ur
e 
to
 p
er
so
nn
el
 t
o 
ho
t 
ga
se
s 
an
d
 e
xp
ul
si
on
 o
f f
ee
d
-
st
oc
k 
m
at
er
ia
ls
P
er
so
na
l i
nj
ur
y.
LS
L 
to
 a
la
rm
 t
he
 o
p
er
at
or
 o
f a
 lo
w
 
ho
p
p
er
 le
ve
l. 
 L
S
L 
w
ill
 in
te
rlo
ck
 s
ys
-
te
m
 o
p
er
at
io
ns
.
950
D Woolf et al. In the Field: An open source biomass pyrolysis reactor
© 2017 The Authors. Biofuels, Bioproducts, Biorefining published by Society of Chemical Industry and John Wiley & Sons, Ltd. 
|  Biofuels, Bioprod. Bioref. 11:945–954 (2017); DOI: 10.1002/bbb
Ta
b
le
 1
. C
o
nt
in
ue
d
P
yr
ol
ys
is
 R
ea
ct
or
W
H
AT
 IF
...
H
A
Z
A
R
D
C
O
N
S
E
Q
U
E
N
C
E
S
S
A
FE
G
U
A
R
D
S
S
L
R
R
E
C
O
M
M
E
N
D
AT
IO
N
S
Th
e 
sc
re
w
 m
ot
or
 fa
ils
U
na
b
le
 t
o 
m
ov
e 
fe
ed
st
oc
k 
th
ro
ug
h 
ki
ln
Fi
re
, e
xp
lo
si
on
D
riv
e 
fa
ilu
re
 a
la
rm
 a
nd
 h
ig
h 
am
p
er
-
ag
e 
al
ar
m
 a
s 
in
te
rlo
ck
s.
 T
hi
s 
w
ou
ld
 
en
ga
ge
 a
n 
em
er
ge
nc
y 
sh
ut
d
ow
n.
1
3
3
A
d
d
 a
n 
em
er
ge
nc
y 
w
at
er
 s
up
p
ly
 
as
 a
 r
ed
un
d
an
t 
b
ac
k 
up
 s
in
ce
 t
he
 
su
p
p
ly
 o
f w
at
er
 is
 c
rit
ic
al
 t
o 
sa
fe
ty
.  
A
d
d
re
ss
 m
ai
nt
en
an
ce
 in
 S
O
P.
P
re
ss
ur
e 
R
el
ie
f V
al
ve
s
W
H
AT
 IF
...
H
A
Z
A
R
D
C
O
N
S
E
Q
U
E
N
C
E
S
S
A
FE
G
U
A
R
D
S
S
L
R
R
E
C
O
M
M
E
N
D
AT
IO
N
S
Th
er
e 
is
 a
 h
ig
h 
ga
s 
p
re
ss
ur
e 
ev
en
t 
of
 
sy
ng
as
 fr
om
 t
he
 
p
yr
ol
ys
is
 k
iln
H
ig
h 
ga
s 
p
re
ss
ur
e
E
q
ui
p
m
en
t 
fa
ilu
re
, p
er
so
nn
el
 
ex
p
os
ur
e
A
d
d
 a
 3
-w
ay
 v
al
ve
 t
o 
en
su
re
 a
n 
op
en
 
p
at
h 
fo
r 
ve
nt
ila
tio
n.
1
3
3
R
ec
om
m
en
d
 r
e-
 e
va
lu
at
in
g 
M
O
C
 
of
 e
xi
st
in
g 
ta
nk
 a
w
ay
 fr
om
 p
la
st
ic
. 
O
p
er
at
or
 t
ra
in
in
g 
an
d
 S
O
P.
W
at
er
 S
up
p
ly
W
H
AT
 IF
...
H
A
Z
A
R
D
C
O
N
S
E
Q
U
E
N
C
E
S
S
A
FE
G
U
A
R
D
S
S
L
R
R
E
C
O
M
M
E
N
D
AT
IO
N
S
Lo
w
 w
at
er
 in
 B
R
T-
 0
1
Li
tt
le
 o
r 
no
 c
oo
lin
g 
w
at
er
 fo
r 
p
yr
ol
ys
is
 t
em
p
er
at
ur
e 
co
nt
ro
l 
R
es
tr
ic
te
d
 fl 
ow
 in
 o
ut
le
t 
w
at
er
 
lin
es
Fi
re
 o
r 
ex
p
lo
si
on
 F
ire
 o
f 
ex
p
lo
si
on
LS
LL
 is
 a
n 
op
er
at
io
na
l i
nt
er
lo
ck
. 
S
tr
ai
ne
r 
on
 t
an
k 
O
ut
le
t.
1 1
3 3
3 3
O
p
er
at
or
 t
ra
in
in
g 
p
er
 S
O
P.
   
A
d
d
 
an
 e
m
er
ge
nc
y 
w
at
er
 s
up
p
ly
 a
s 
a 
re
d
un
d
an
t 
b
ac
k-
up
 s
in
ce
 t
he
 s
up
-
p
ly
 o
f w
at
er
 is
 c
rit
ic
al
 t
o 
sa
fe
ty
. 
M
ai
nt
en
an
ce
 t
ra
in
in
g 
p
er
 S
O
P.
951
In the Field: An open source biomass pyrolysis reactor D Woolf et al
© 2017 The Authors. Biofuels, Bioproducts, Biorefining published by Society of Chemical Industry and John Wiley & Sons, Ltd. 
|  Biofuels, Bioprod. Bioref. 11:945–954 (2017); DOI: 10.1002/bbb
experience inert heating, vaporizing, and boiling of mois-
ture content, followed by further inert heating, devolatiza-
tion, and (subject to temperature and oxygen conditions) 
surface reactions. Th ese processes are controlled by the local 
coupling between solid and gas phases, which is determined 
by the rates of heat and mass exchanges between the phases. 
Th e biomass particles are introduced in the trough with 
velocity components to emulate the eff ect of the rotating 
auger.  To account for the eff ect of the non-spherical shape 
of the biomass on the drag coeffi  cient of the particles (hence 
its trajectory and properties), a shape factor is introduced. 
Assuming a 10-mm cubic woodchip particle with an elonga-
tion of 10% in one direction, a shape factor of 0.805 is used 
in the model. Woodchips tend to swell as the moisture con-
tent increases, and shrink as the moisture content reduces. 
Considering that the woodchip particles in the reactor 
undergo an enhanced drying process, it is reasonable to 
assume that the particles will most likely experience mainly 
shrinkage. Accordingly, a ‘Swelling’ coeffi  cient of 0.94 was 
used. To account for the eff ect of the gaseous turbulent 
velocity fl uctuations on the particle trajectories, a stochastic 
tracking model (using the Discrete Random Walk model) 
was used with ten injection tries per particles per location. 
CFD was performed on two model confi gurations: W+, 
in which water spray (50 kg/h) injectors are installed in the 
drying chamber, and W-, a reference confi guration with-
out water spray injectors. 
Th e main impact of injecting water was, as expected, on 
the temperature fi eld, with the mean temperature in the dry-
ing chamber being reduced from 1220 °C, to a manageable 
820 °C (Fig. 2). Th e mean temperature in the pyrolysis cham-
ber is also reduced by 214 °C, to 631 °C. Th e mean tempera-
ture in the combustor is, however, only reduced by 124 °C, to 
1037 °C, by the water injection. W+ also had a positive eff ect 
on the velocity fi eld by improving the symmetry of the coun-
ter-rotating vortices, and eliminating the vortex in the dry-
ing chamber (Figs 2(c) and 2(d)). A slight asymmetry persists 
in the fl ow properties at the outlets of the combustor, due to 
the swirl eff ect of the combustion air that persists along the 
entire length of the combustion, and because of the change 
in the geometry from opening of the bleed fl aps. 
In both W+ and W- confi gurations, the solid-phase parti-
cles remain confi ned to the trough with no evidence of par-
ticles carryover into the top chamber or to the combustion 
chamber. Th is model assumes a uniform (10 mm) particle 
size. Th e dynamics of smaller particles may be diff erent and 
some carryover might occur. Investigating and quantifying 
this scenario is beyond the scope of the present work but 
should be considered in future studies. In addition to parti-
cle size, the CFD results will also depend on diff erences in 
in the reactor, while ensuring a smooth growth of the size 
of the cells to prevent computational overload. 
Th e SST κ-ω turbulence model is used in the calculations. 
It off ers the best predictions accuracy and numerical stability 
among the various two-equation turbulence models, espe-
cially for fl ows with regions of fl ow separation and recircula-
tion. Radiative exchange was modeled using the Discrete-
Ordinate (DO) thermal radiation model (the most sophis-
ticated model available in commercial CFD packages). Th is 
model accounts for radiation exchange between surfaces, and 
thermal radiation from reacting gases, and solid particles. Th e 
DO model is computationally intensive; therefore, it was acti-
vated once the solution was partially converged. For the pro-
cess chemistry, both homogeneous and heterogeneous reac-
tions were included in the calculations. Volatiles released dur-
ing pyrolysis are highly variable, and contain a wide range of 
compounds ranging from small to heavy hydrocarbon chains; 
for example, CH4 to C6H10O5 (tars). Th e focus in the present 
study was to evaluate the heat release from the combustion of 
volatiles, rather than the species breakdown. Th erefore, the 
volatiles were treated as a single compound with a generic for-
mula, CxHyOzNw, with w, x, y, and z quantifi ed by the ultimate 
and proximate analysis of the woodchips (SI Table 2). Th is 
resulted in a molecular formula of C1.12H2.09O0.89N0.0074 as a 
representative formula for the volatiles. Th e chemistry of the 
gaseous and solid phase reactions was represented using the 
multistep chemical mechanism listed in Table S3. A propane 
reaction in the chemistry model (Table S3) accounts for the 
pilot fl ame in the combustion chamber, which was assumed 
to be operating constantly at 5kW. Turbulence-Chemistry 
Interactions were modelled using the Finite-Rate/Eddy 
Dissipation (FRED) concept. Th e FRED model computes the 
rate of reaction (using the chemistry in Table S3) for each spe-
cies based on both the Arrhenius rate and the turbulent mix-
ing rate and uses the smaller of the two.
Th e walls of the reactor were assumed to be thin 
surfaces. Th e conjugate heat transfer to and from the walls 
was computed using a built-in one-dimensional model 
that accounts for wall thickness, and the physical and 
thermal properties of the walls. It also accounts for radia-
tive heat transfer. Th e external walls of the reactors were 
assumed to be insulated with 50 mm of Calcium Silicate 
board, followed by a 100 mm of Kaowool. 
Th e trajectory and properties (composition, temperature, 
etc.) of the woodchip particles and their interaction with 
the gaseous phase was modeled with a Lagrangian-Eulerian 
Discrete Particle Model (DPM). Th e DPM approach is valid 
for multiphase fl ows with low particulate volume fraction in 
the gas-solid mixture (< 0.1), which is the case in the present 
reactor. Th e woodchips were modelled as solid particles that 
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contingency allowance, and $40 000 for the control system 
(parts, labor, and installation).
Conclusions
Th e proposed design was found to exhibit a stable fl ow 
and combustion pattern by the CFD analysis, provided 
the bleed vents are kept fully or partially opened during a 
steady operation of the reactor. Injection of 50 kg h–1 water 
droplets into the drying chamber was found to be eff ec-
tive at reducing the mean temperature of the chambers 
by 400°C, 214°C, and 124°C in the drying, pyrolysis, and 
combustion chambers, respectively.  Particle tracking 
showed no carryover of particles outside the trough into 
any of the chambers. 
feedstock water, lignin, & ash content, and particle shape. 
Conducting CFD analysis on the full range of potential feed-
stocks for which this reactor may be applicable is beyond 
the scope of this study, but should be considered by anyone 
intending to adapt the design to a diff erent feedstock.
Fabrication and installation costs
Fabrication costs (in 2014 USD) were estimated by obtain-
ing quotes from manufacturers and suppliers for all com-
ponents and materials required in the fabrication of the 
kiln (Table 2). Th e total cost was estimated at $580,000, of 
which the largest components were $360 000 for fabrica-
tion (including labor, materials, and equipment), a $50 000 
Figure 2. Contours of gas temperature (°C) in the reactor; (a) with (W+), and (b) without (W-) water injection (50 kg/h) in the 
drying chamber. Flow streamlines for the reactor with 50kg/h. water injection in the drying chamber (c) surface pathlines 
colored by velocity (m/s), and (d) volumetric pathlines colored by temperature (°C).
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4. Mara dos Santos Barbosa J, Ré-Poppi N and Santiago-Silva M, 
Polycyclic aromatic hydrocarbons from wood pyrolyis in char-
coal production furnaces. Environ Res 101:304–311 (2006).
5. Woolf D, Lehmann J, Fisher EM and Angenent LT, Biofuels 
from Pyrolysis in Perspective: Trade-offs between Energy 
Yields and Soil-Carbon Additions. Environ Sci Technol 
48:6492–6499 (2014).
6. Roberts KG, Gloy BA, Joseph S, Scott NR and Lehmann J, 
Life cycle assessment of biochar systems: estimating the 
energetic, economic, and climate change potential. Environ 
Sci Technol 44:827–833 (2010). 
7. Gaunt JL and Lehmann J, Energy balance and emissions 
associated with biochar sequestration and pyrolysis bioenergy 
production. Environ Sci Technol 42:4152–4158 (2008).
8. Köpke M, Held C, Hujer S, Liesegang H, Wiezer A, Wollherr A 
et al., Clostridium ljungdahlii represents a microbial produc-
tion platform based on syngas. Proc Natl Acad Sci 107:13087–
13092 (2010).
9. Lohri CR, Rajabu HM, Sweeney DJ and Zurbrügg C, Char 
fuel production in developing countries – A review of 
urban biowaste carbonization. Renew. Sustain Energy Rev 
59:1514–1530 (2016).
10. Foley G, Charcoal Making in Developing Countries. Earthscan/
James & James, London, UK (1986).
11. Jahirul MI, Rasul MG, Chowdhury AA and Ashwath N. Biofuels 
production through biomass pyrolysis —a technological 
review. Energies 5:4952–5001 (2012).
12. Bridgwater AV and Bridge SA, A review of biomass pyroly-
sis and pyrolysis technologies. in Biomass Pyrolysis Liquids 
Upgrading and Utilization. Springer, New York, pp. 11–92 (1991).
13. FAO, Industrial Charcoal Making. Food and Agriculture 
Organization of the United Nations, Rome (1985).
14. Bailis R, Ezzati M and Kammen DM. Greenhouse gas implica-
tions of household energy technology in Kenya. Environ Sci 
Technol 37:2051–2059 (2003).
15. Seboka Y, Charcoal production: opportunities and barri-
ers for improving effi ciency and sustainability, in Bio-carbon 
opportunities in Eastern & Southern Africa, United Nations 
Development Program, New York, NY (2009).
16. Girard P, Charcoal production and use in Africa: what future? 
Unasylva 53:30–34 (2002).
17. Zulu LC, The forbidden fuel: Charcoal, urban woodfuel demand 
and supply dynamics, community forest management and 
woodfuel policy in Malawi. Energy Policy 38:3717–3730 (2010).
18. Cornelissen G, Pandit NR, Taylor P, Pandit BH, Sparrevik M 
and Schmidt HP, Emissions and char quality of fl ame-curtain 
‘Kon Tiki’ kilns for farmer-scale charcoal/biochar production. 
PLOS ONE 11:e0154617 (2016).
19. Hathaway B, Kittelson DB and Davidson JH, Development of 
a molten salt reactor for solar gasifi cation of biomass. Energy 
Procedia 49:1950–1959 (2014).
20. Woolf D, Amonette JE, Street-Perrott FA, Lehmann J and 
Joseph S, Sustainable biochar to mitigate global climate 
change. Nat Commun 1:1–9 (2010).
21. McCarl B, Peacocke C, Chrisman R, Chih-Chun K and Sands 
R. Chapter 19: Economics of biochar production, utilisation 
and emissions. in Biochar for Environmental Management: 
Science and Technology, ed by Lehmann J and Joseph S. 
Earthscan, London, UK (2009).
22. Woolf D, Lehmann J and Lee DR, Optimal bioenergy power 
generation for climate change mitigation with or without car-
bon sequestration. Nat Commun 7:13160 (2016).
Th e main operational hazards identifi ed were associated 
with (i) loss of electrical power from the generator running 
out of fuel, (ii) blockages or backfl ow in the biomass feed 
system or, (iii) failure of the screw auger that transports 
material through the kiln, (iv) high gas pressure event 
within the kiln, or (v) running out of cooling water. Th e risk 
of these hazards can be addressed and mitigated through 
appropriate measures being taken in the standard operating 
procedures and by the addition of a back-up water cistern. 
Th e overall fabrication and installation cost of $580 000 
for a 250 kg h–1 unit, assuming a capacity factor of 0.75 
equates to $355 (Mg feedstock yr–1) –1, which is in the 
same range as previously6,20–22 published assumptions. 
We conclude, therefore, that the pyrolysis unit described 
here promises to provide an aff ordable and effi  cient open-
source design that can be fabricated locally in developing 
countries without licensing restrictions or royalties.
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